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IOR AXIALBIOWEI&

By w. Encb

Abstract: A selectIonof measurementsobtainedon experimental
impellersfor axl.al. blowerstill.be reported. In
additionto chamcteristlccurvesplottedfor low and
for high ~rlpheral veloolties,proportionsand bkde
sectlonefor SIX differentblowermodelsand remsrks
on the designof blowerswill be presented.

1. Foreword:

A selectionof measurementsobtainedon experimental~llers
for axialblowerswill be reported. some of theseobservationsam
from ratherold experiments.The latterled to the designingearly
in 1930of a purelyaxialsuperchargerfor use at an altitudeof
5 kilometers;thle designwas plannedas a fIve-stageaxialcompres-
sor with a rotorspeedof 30,000rpm but due to the bearing
difficultiesthen existingit was not completed.

llmszmchas theseolderImpellersme even todaystillbeing
utilizedIn single-stageand multletageblowers- the oldest,
rotor866,has been usedwith -at successquiterecentlyin oon-
Junctlonwith later-designedrotorsE68 and lg78for an eight-stage
compressor- it is feltthatthe measurementsmade of them,supple-
mentedby the zwsultsobtainedwith sonwadditionalexperimental
Impellers,shouldbe mde availableto a widerpublic.

II. Formulation of the R’oblem;Armngement - ~cution of the
Experiments:

The experkntal Impellersdiscussedwere designedto okify
whetherit was possibleto Increasethe pressurerise obtainableper

*’!IIMereuohun@nan Wdellz&ern von Axlalgeblken.”
AerodynamischeVereuoheanetaltG/ktlngenE. V., C&t Ingen,Inet.f.
S&dmungemaschlnen,ZWB,M94, Er. 3135,April 1944,pp. 1-28.
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stageconsiderablyabovethe relativelysmallpressuredifferences
pmauced up to that timo In axialblowers,the desirebeIng to com
ont with a relativelys’= numberof rotorsIn the processof attain-
inga prescribedratherk= pressureratioby placingseveralzwtors
in teuidcjm.The ultimategodl foreseenwaa the desi~ of the blading
OF a multistageaxialcompressorfor superohargiughigh-altitudealr-
crsftengines(reference1).

Keepi& in mind the limit placedby the Mach numberon the
increaseof the relativeair velocity,the firststey in developing
the blowerwas to attemptto increasethe pressureriseobtainable
per rotorsubstantiallyaboveexiotinglim~tsby meansof appropriate
shapingof the impellerblades. Ne.x%to Be ~nvestigatedwas how far
the rotorperipheralspeedcouldbe increasedtowardthe pint at
whichthe relativeair velocitywouldequalthe speedof sound,with
the yzrpoeeof malntaintiga pod degreeof efficiencywhile securing
the highestpossiblepressureincreaees.Furtherstudieswere then
to be made on the problemof reducingthe then very greatlongitudinal
dimensionsof axialblowerswithoutany importantloss in efficiency.

In order to “workout theseyroblems,the necessarytest equipment
firsthad to be createdj.nwhichconnectionthe experimentsat the
requiredhighrotorspeedsofi’eredymtj,culartechnical.difficulty.
The testri~ constructedin 1%27 for these investigationshas proved
satisfacto~in eve~ res~~ctmd with severalsupplementaryfittings
$s stillAn use to~. ~

At the“sametimeanotilertest rig was constructedIntendedfor
detailedinvestigationson certainparticularblowerimFellersat
lowerrotorspeedsand less power. Thie latterblowertest rlg is
s40wnin fi~ 1 in simplifieilcrosssection, An iron framerestl~
on threetrestlesswyprts the twu-parthousi~ desi~d for a rotor
of 300-millimeteroutsidediapeter,the meteri~ constriction,the
throttlemechanismat the outletend of the ductfor the purpoeeof
p,roduci~variousoperatingconditions,and the direct-currentmotor,
which is cradledto allowmeasurementof torque. An electroqtic
controldeviceuperatesa stopwatchfor determiningrotorspeed.
The currentnecessaryfor olwzationduringen e~riment ie drawn
from a Ward-Leoti system. .,

Figure? showsa simplifiedcroessbctionof the testrig for
experimentalinpelleredesignedfar very hi~h rotorspeeds. The
im?ellers~onetiJy have a diameterof 150 to 200 millimetersand
may be testedwith thisrig in one- and twv-stage arrangements,at
rotorupeedaup to ab~ut33,000rpm, and with variableair de~lties.
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The &lye IS by a ora&dd oomp&ssed>lr turb~; WOE .%sdes~
for an “outputof about 70..l@@@ts .at30,000rps.. (High-8peed

- eleotriorotorsof this power&ere ,mt .a#ailable-at thattime.) The “
closed-olrouitair passageoontainsthe test-seatIonpropimwith the
taps for tqkingppeaums and also the gate valvefor pmduo”lbgtk
variousope?xit”~oozuiitimi$,‘““Aspedal .~W)nt for the rednc- ~
tion of bearingfrldtionp&5hitB.meas~. ‘t@ p~ue transmitted .
by the turbinewith an tik&& of”N.5 ‘LO&3meter.tilo@ama;” ~r “
measuringthe zwtorspeedthereIS a oallbratedtachometer06nneote&
to the blowershaftby a WOrm drive,as.well.as-a speed-maaulng
apparatuscontrolledby a photooell.

. .
.

Whereas on the low-powertest rig a givenset of opezutingoon-
etantacan be maintainedoveras a longa periodof opemtion as
desired,with the superchargertest r% the periodsavailablefor
measurcmmntsare relativqlylimiteddue to decreasingpressurein
the compressed-airtank @ iq somed~greealso to considerationfor “
the bearings. Undertheseolqtqnoes, in orderto insurea.
sIxuultaneousreadingof :Ul nwasuring:ins@umentsthe manometer,
taohonmter,and dynamometerrefihgs’at each stageof a testwe~
photo~phloally moorded.

. .
..i

III. Resultsof the Experi.mbnts:.

In orderthat &d air ~uantitles.dell~e~d and the pressuretise
produoedmay be Indioatedindependentlyof roto~dimetiionaor air
density,the zymilts.ofthe measurementswill be givenin nondimen-
sionalparametersas”lb oustomary(refbnnoe 2).

..

Id . . . . . . . . . . . . . . . .

L = outside d&m6ter of ‘rotor=-fnaide.tiameter“of“housing~ .
.

(ckcrame = O)
.

di = hub diamter of rotor ....,. .. ,
,...

-. .

. G = weight of air flowingp@m eeoond ~
●-
.*
.

*
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Q=
CVRWTvolum of air flowlngper Seoond= —
P

k = =t lo of apeclfic heatsfor constemt~mure and for oonstant

volume a
‘v

The subscript I denote~the gas as It existedin a stateof rsst
beforeentrance
from the blower

The useful

Intothe blowerand the mibscript II, afterexit
and onoe again In a stateof rest.

work of the blower

for adlabat10 oompreaalonamountato

10 I
k-1

P1l ~ -1
%d=&QI “ P*

T

or for eachkilogramof air flcwnl~throughper seoond

with

% =

lbr a

% =

‘II = pI + APJ mm

r

(1)

(2)

equation(1)by serieedevelopmentis obtained

~“AP~l-_
2

() 4!$ ‘(~’+ ““11Q+k+lQ-(k+l)(2k+l
L 2!k pl 3:# p

(3)

VdUO of K = 1-4 this @VOS

C+”A,~- (J2

(I) )
0.3571~ + 0.2041 ~ - 0.1385 # 3 + . .

3a)

I
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~r smallvaluesof # the tezmsof higherordermay ba omitted “

and then:% effectivework for an lnoo~wssfble flow 1s obtained.. .. . ... ,...- .

It followsfmm equations(3)and (4)that for a pressurerise
Ap = 0.1 pl the omissionof the termsof higherorderwouldgive “
an effeotlvework velueabout3.4 peroenttoo high and a correspond-
inglyoverestimatedefflcienoy.Pbr Ap = 0.05 ~ the errorwould
be about1.7 peroentand for Ap = 0.01PI aboutO.4 Wnent.

The work absorbedIs determinedin both testrigs fmm the
momentsof reactionof the orad?.addrivingmotors;the expndlture
of work naoessaryto oovermeohsnlcallossesis determinedby a
specialseriesof measurements.As a controlon the workmeamire-
mentsjthe tempemturesaheadof and behindthe compressorare
measuredin the test~on the high-speedrig. If L denotesthe
work absorbedlassthe deductionfor mechanicallosses and T1l~
denotesthe finaltempcmaturecorrespondingto en adiabatic
compression,then the tempemture-riseadiabaticefflolencyIs

rf~
Iliad= —

. ‘IIad - ‘1
L T1l - T1

(5)

The flow ooefflcientg and the pressureooefflclent* ere
used as nondlnwnsionalcharacteristics. The flow coefficientQ1
Is the ratioof the axial-flowvelocityof the gas to the peripheral
velocityof ths rotor;it is referredto as the Initialstateof rest
of the Intal.mair (oonditlonI). It is thus

The
produoed

G“R-TI
% = ploF=ua

pressurecoefficient*1 Is the
by the compressor

to the ~ripheral speedat
to thii dynE4mio
the densityof

‘$ AP
“ ~1
—.
2 %2

B

(6)

ratio of the pressurerise
pressureOorrespondlng
oonditlonI; it is

(7)

-- . —— —.. .. ..—
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In the designing of multistage ccnnpressors,the use of this
equationfor the pressureratioresultsIn oertalnmathematIoal
Inoonvenienoe;henoefor printicalpurposesthe pressureratio
calculatedon the mrk of adlabatlo compressionper kilogramper
secondof weightof alr flow is used.

$=JQ-
%32

(8)

2g

F&m equations(2), (7),and (8)therefollowsthe relatIonbetween
* end *1:

[1
k-l

)

k pl [~~—— -1 . (9)
*= ’kk-l Ap ~

btting P1l = PI + APJ fromeqyation(9)by seriesdevelopmentand
with k = 1.4,as In equations(3)and (38),Is obtained

ov =$1[1 -0.3571: + 0.2041 Al 2 .
h PI 0“1385(?7+ +9

In equation(10)

Q the termsof higherFor smallvaluesof
pI’

and ~=~lmey beset.

&

(lo)

(11)

ordermay be omitted

With respectto the oldertests,all evaluationsIn thisreport
are basedon the pressurecoefficient*I. The mktion betmen *

- *I Is shownin f@re 3 for variousperipheml speedsand tem-
peratures.The measurenmtswere in generalmade at an Inlettemper-
atureof =~proxlmately305°K.

Fl@re 4 givesthe meaau.mmntsobtainedon a one-stageblower
(builtIn 1927)at low rotorspeeds. At the upperleftof the fig-
ure, a one-stagelnstallation consistIngof a 12-bladerotor,an
n-blade inletstator,and a 13-bladeoutletstatoris drawnto a

——. . —. , .-,, - , , II
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~ZWL@lve soale In terns of the tip diameter. l%e blade s~oing in
the plan view oormepondeto 8 developed“smackIon‘at”hub diameter;
..for.other~bladeseotionsthe bladea“paoingis .to..be.-understoodas
larger In promrtion to the diameterof ths respectiveoylindrlcal.
aeotlone. . .

Bt?lowthis the rotorbla@ is again“laid.out tu a largerscale
to.Aow @b, center,andtip seotione~ In thisdrawingthe oylin-
drloaleeotionelhavebeenpresehtedu parallelplhneeeotioneto
faollitatedetezmhing Intermediatebladeseoti9nefromthem.

At the.:upperrightof the.fl~ the pressureooeffioient~1
and the temperature-riseadiabatid effIoienoy qi~ have been
plotteda@inst the flow coefficient~1, the valuesbeingtho~e
foundby observationsat 1000,2000,and 3000rpm. The Reynolds
number,calculatedfmm the velocit of the air relativeto the

~bladetip,was approximately2 ● 10 .

The nsults of meaeuramnt in the high rotor-speed-e, with
wrlpheral speedebetweenapproxi~te~ 150 and 200 metersper secom”
are given In figures5 and 6. Prowrtlons and bladesectionsof this
blon-r,made on-a smallersoalefo~ tests in the high-speedtest rig,
are the sameas thoseof figure4.

The changeIn the shapeof the performanceourvewith a change
of the ~ch numbermay be olearlyeeen in figure5. As the rotor
speedincreases,thecurve becomesmore nearlyverticcil.afi the
maximumvalueof the flow coefficientis lowered;at the lowerflow-
coefficientvalueswithinthe normalworkingrange,hi@er pressure
ratios are obtainedat the sameflow rat10 as the Mach number
increases.At the rotorepeedsgiven in the figure,the hkoh numbers
computedon the relativeflowvelocityat the bladetipe in the qe
of best efficienciesare 0.45,0.60,0.72,and 0.80.

Yigure6 showsthe behaviorof the blowerwith altemtion of
the air density. The curvegivenin figure5 for 30,000rpm is
transferredto figure6; it is the curvefor an inletpressureof

%& the manufactureof the relativelyemll exprlmentalblades
photogmphs of large-scaleblade-sectiondrawingswere”used at the
Aerodynamic~rimental Instituteinsbeadof workingfromnumerical

Q ooordlnates.
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1 atmosphere.It is clearf%om the”figuretl@ e%n with a sub-
‘stanttalchangeIn the inletpressuresuchas Is caused,”fir example,
by the thmttltng db~ of the inletflow,which is neces’seryin.test
rigswith low-pmiereddrives,tbe test resultsare Independentof
@let.preseuz%titliin“thelimitso“faccuracyof the measuwnents.

..In the neighborhoodof the maxh flow coeffIcient,the measurements
obtainedat the lowestabsoluteinletpressure,namely0.25 atms -
phre, are shined in the directionof mailer flow ratios.

The desl~ and performanceof a blowerIntendedfor aboutone-
half the air deliveryof the t~e JustdlecussedIs shownin fig-
ures 7 and 8.” tioyotilonsand bladesectionsfor kth sizesof
impellersare shown In figum 7. l’hedata obtainedfrom the 10W-
speedtestsare shown in figure7 and those“ofthe high-speedtests
in f@ure 8.” Reynoldsnumberand Mach numbersare of the same
magnltu@ as thosegiven in connsctionwith fIgures4 and 5.

Figures9 to 12 showthe proportions,bladesections,and
performancechartsof two blowersdesignedfor valuesof the flow
ratio intermediateto thoseof the two first-rentionedblowertypes.
The installationsHhownin figures9 and 11 and the blade sections
at hub and tip also shownare drawn in the formof two-stagemodels.
In the performancecurvesof figures10 and 12 thd pressurecoeffi-
cientIs in each case calculatedon a one-stagebasis. The Mach
numbers(seethe teti pertainingta fla. 5) for the rotorspeeds
IndicatedIn thesechartsand h the regionof highestefficiency
valuesam ay~roximately0.50,0.63,and 0.75.

F@uzws 13 and 14 give the data for a blowerof Lzrgeralr
output. IYomthe proportionsS-hewnIn fIgure13, thereresultsa
relatIvel.ygreataxialdimensionfor thistypeof impeller,so that
it was not used for mult1stageInstallatIons. In likemanueras
for the tw first-meritionedone-stageblowers,the dataobtained
at low rotor speds are given In figure1$ and at the hl@er zwtor
speedsin figure14. For the latter the Mach nunibersare 0.38,
0.47,and 0.56.

In figures15 and 16 are giventhe particularsof a one-stage
blowerdesipd for axial inletusing no forward stator. As an
Installationof the blowerwithoutan outietstatorwas also requ~d
for a specialpurpose,the data obtainedfrom this latterlnstalla-
tion are shownin fIgure15 along with the characterlstIc curve
obtainedfor normal~ladeangle&d usi~ the
figure16 are
outletstator

shownthe performancecurvesof
and with variousbladeangles.

outletstator. In
the blowerusingthe
In this figure,which
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showsthe rangesof pzwssum ooeffloientand flow ooeffloientfor
sevendifferentbladeangl&, ourvesof“equaleffioIenoies?iaveb6en
holuded. At .ateeperbladeangles.greater pressure and flow ooeffi-
oientsare obtained. The”operat~ point,whichWaS ‘imd6 the basis

of the 240 blade-angledesign,lieswithinthe regionof the highest
effIoienoiesmeasured. The absolutely
on the graphoorres~ndsto a somewhat

. .
1

IT. Remarkk on the lbsi.gnof Blowers:

As a very generalobservation,“it

highestvalueof efficiency i
fl&@r bl.a&angle.

may be saidthatthe dlmnaions—
of a blowerwill be smallerin proportionas the flow meffiolentand
pressureooeffiolentfor whioh it is designed- withinthe rangeof
the ohosenperformenoeourve- are greater. (Seeeqvations(6)to
(8).) Eowever,Impellersof smallflow ooefficlentare also indis-
pensable“when,due to limltatIonsof the power source, only a rela-
tivelylow rotor speedIs pemiesible and at the samethe relatively

“ smallquantitiesof air are to be puqed. Uw rotorspeeds?m%quire
neoessarylargeoutsidediametersfn orderto attainhigh peripheml
speeds;on the otherhand,a largeflow coefficientwhen only a small
quantityof air was requiredwouldleadto very smallczwsssections,
and therebyat largediemwterswouldresultin very shortblade
len@hs end a correspondingdrop In effIclency. However,it mustbe
notedthatwith a low flow coefflcient,the desIredhigh pres”sure
ratiooan only be attainedwith someclifficulty.

As for the designof a blowerinrpe~eritself,If nwasurements
of proposedbladesectionstalosnIn cascadearrangementere available,
the liftand the drag coefficientson the casoadebasismay be used
directly;otherwise,proceedingfzmmthe measureuwntsmade on a shgle
blade,the attemptmust be made to determinethe coeffIolentsfor the
oasoadeemrezq@mnt by computation.(Seerefez%nce3.) Anotherpro-
ced~, whioh is generallyohosenIn the C&t lngenInstitute, is to
try by reshapingthe bladeto attainthe sameooeffloientsfor eaoh
bladewhen In casoadeas were determinedfor the stnglebladeby
itself. (Seereference4.) llaoonneotionwith thesequestionsit
may be remarkedthatmany”publicationsare availableon the subJect
of the ccmputatlopand deslgqof axialblowers(emng whioham tk
worksof Aokeret,-Betz, Eck, Rkller,Traupel,@ WeInlg),to whioh,
howover,detailedreferenceoannotbe madewlthlnthe llmitsof this”.
report. .“

In blowerdsslgn,geneml.lyspeaking,the determinantion of.the
blade seotionsshouldnot be undertahn on the basisof the maximum
lift coeffIclents,for theymustbe selectedfor operationat a
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middlepint of the performancecurva,whichwill be the normaloper-
atingpointof the impellerat the highestpossibleefficiency.This
18 necessarybecauseif In operationthe flowvolumeis throttled
down,therewill eirisegreateranglesof Incidence.at which the

impellermust stillbe able to work with good efficiency.Further-
more,at lowermet temperaturesand correspondinghigherlkch
numbers,eubstantIallysmaller msxlmumlift values will be attained
undercertaincircumstances.However,for practIcalpurposee,
excessivecoefficientsof liftwI1l be chosenfor the hub regionso
that the bladechordin that regioncan be &@ withinpermissible
limits.

The direotionof inflowplaysan importantpart In the design
of the rotorItself. By meansof the statorprecedingit, the air
may be Introducedin a directionagreei~ with the rotorspinor in
a directIon counterto it; or, with omissionof the statoraltogether,
the air w be Introducedaxially. A higherprlpheral speedis made
possiblewhilemaintaininga prescribedincidentair velocityrelative
to the rotorbladesIf the designis for Inflowin the directionof rotor
spin. By designingfor InflowIn the oppositedirection,good press-
ratIos can be obtainedevenwith a relativelysmallhub diameter,whereaa
otherwisea greaterhub diameterwouldhave to be used. BecauseIn
blowms in whioh tho Inflow is turned counter to the zvtor spin, the
static-vressure rise is created nrlnci~l.y In the rotor; if’ the inflow
whirl l; in the samedirectionaa rotorSp-ti,the
with smallerreactiondue to the greaterwhirl in
consequentlywill give lessmlal thrust.

Translationby EdwardS. S&&er,
NationalAdvisoryCommitteo
for Amonautics.

Rm!ERmcEs

rotor will operate
the outflowand

1. Be@, A.: Axiall.der. Jahrb.1938,d. D. Luftfahrtforschung,
Lllienthal-Geseld.schaftf. Luftfahrtforschung,Berlln,R.
Oldenbourg(~nchen),pp. II 183-H 186. (MICATM I?o.1073,
194A.)

2. Regeln* Leistungsversuchean Verdichtern.VDI - Verlag.
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3. SchiMmsl, M.: l#herungsweiseBerednuzngvon Auftriebund
DruckvertellungIn Fl#gelgittern.Jahrb.1927d. WGL,,. .
R. Oldehbotirg(dkchen),pp.-151-167.

4. Betz,A.: Dlagrame zurBerechnungvon Fldgelreihen.
Ing.-ArcMv., M II, Heft 3, Sept.1931,pp. 359-371.
(HACATM NO. 1022,1942.)
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Figs. 1,2
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Figur8 1. - Blower test rig.

Turbine cradled for
tdea.suring nozzle

7 torque measurement
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Compressed-air

supply line~
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Gate-valve throttle

Figure 2. - Compressor test rig.
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Figure 4. - i2-b laded rotor 706. Outside diameter da,

300 millimeters; inside diameter di, 150 millimeters;

peripheral speed Ua, 47. I meters per second; rotor speed

n~ 3000 rpm; 11- bl aded inflow st ator; 13- bl aded outflow
st ato r.
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Figure 5. - 12-b laded rotor 866. Outside diameter da,

150 millimeters; inside diameter dip 75 millimeters;

peripheral speed Ua, 235.6 meters Per second; rotor speed

n, 30,000 rpm; I I- bl aded inflow st ator; 13- bl aded outflow

st at or.
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Figure 7. - 12- bl aded rotor 998. Outside diameter da,

300 millimeters; Inside diameter di, 150 millimeters;

peripheral speed Ua, 47.1 mt2ti2r S per second; rotor speed

n, 3000 rpm; 13- bl aded inflow st ator; 13- bl aded outflow
st ato r.
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Figure 8. - 12- bl aded rotor 1115. Outside diameter da,

150 millimeters; inside diameter dil 75 millimeters;

peripheral speed Ua, 235.6 meters per second; rotor speed

n, 30.000 rpm; 13- bl aded inflow st ator; 13- bl aded outflow
st at or.

.
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Figure 9. - Proportions and blade sections. 12- bl aded rotor

E68; 13- bl aded inflow st ator; 17-b laded intermediate stator;

17-b laded outflow stator.
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Figure 10. - Performance chart of single-stage blower using
rotor E68 of figure 9. Outside diameter da, 150 millimeters;
inside diameter diJ 75 millimeters; peripheral speed Ua,

235.6 meters per second: rotor speed n, 30,000 rpm.
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Figure Il. - Proportions and blade sections. 12- bl aded rotor

E-78; 13- bl aded inflow st at or; 17- bl aded intermediate st at or;

17- bl aded outflow st at or.
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Figure 12. - performance chart of single-stage blower using

~Ot Or E78 of figure Il. Outside diameter da, 150 milli-

meters; inside diameter di) 75 millimeters; peripheral

speed Ua, 235.6 meters per second; rotor speed n, 30,000 rpm.
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Figure 13. - i4-b laded rotor 871. outside diameter da,

300 millimeters; inside diameter di, 150 millimeters;

peripheral speed Ua, 47. I meters per second; rotor speed

n, 3000 rpm; 13- bl aded inflow stator; 15- bl aded outflow

st at or.
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Figure 14. - 14- bl aded rotor EII .8. Outside diameter da,

i50 millimeters; inside diameter di) 75 millimeters;

peripheral speed Ua, 255.6 meters per second; rotor speed

n, 30,000 rpm; 13- bl aded inflow st ator; 15- bl aded outflow
st ato r.
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Figure 15. - 8-bl aded rotor

,

NACA TM No. 1123

I I

I I
Blade angle, 24°

VI
OWith outflow
+Without outf

t

~’=+

j \ ,

●

‘N ,.

st ator
ow st ator

E191. Outside diameter da,

300 millimeters; inside diameter di, }50 millimeters;

blade angle, 24°; peripheral sPeed ua~ 47. I ‘eters per

second; rotor speed n, 3000 rpm; 17- bl aded outflow st ator.
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Figure 16. - 8- bl aded rotor E191, as shown in fi9ure 15.
Blade angl e, 90 to 39°.
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